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SECTION 1

INTRODUCTION

This report describes the present status of a computer program for sim-

ulating the RF behavior of space-based radar (SBR) phased array lens antannas.

A typical SBR candidate lens is shown in Figure 1. The transmitter provides
the space feed that illuminates the lens during radar transmit. The space
feed may be in the form of several independently controlled beams that pro-
vide lens radiation pattern shaping, adaptive nulling, and time delayed lens
sector illumination. (The time delayed compensation is required because of
significantly different transmitter-to-lens path lengths to different points
on the lens). Beam steering and, possibly, amplification are performed by

the lens.

A lens comprising two arrays of thin wire radiators separated by a
ground screen currently is modeled in the simulator. The theory, with
straightforward modifications, can be extended to apply to other lens types

such as those composed of microstrip arrays.

A typical wire radiator lens section, that can be analyzed by the sim-
ulator, is shown in Figure 2. For simplicity, dipole radiating elements are
indicated. The simulator also is capable of analyzing other element types;
e.g., folded dipole, turnstile, and parasitic, The array lattices may be
skewed. Focusing and scanning of the lens-transmitted main beam is accom-
plished by electronic modules interconnecting the radiating elements between
the illuminated and nonilluminated arrays (Figure 3). These modules also

may provide power amplificatiom.

A successive approximation method is employed whereby infinite array
analysis provides a first approximation of array currents and patterns.
Higher approximations then are obtained, with relative ease, by methods that
draw upon these first approximation currents. The higher approximations pro-
vide corrections to the currents on elements in the vicinity of discontinui-
ties in periodicities; e.g., lens edges, lens section interfaces, and failed

modules. A section of uniform periodicity of a lens 1is called a cell.

The first approximation patterns, although involving large numbers of
elements, are computed from closed form expressions. Since the number of

elements with currents perturbed from their infinite array values is expected
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to be relatively small, higher approximation "correction patterns' may be
computed by direct summation of the field from each element. The superposi-
tion of the first approximation and correction patterns results in the over-
all pattern. This approach takes maximum advantage of the nominal periodici-
ties and largeness of the arrays. It is as computationally manageable in
the radar receive mode as in the radar transmit mode without resor:ting to
reciprocity. This is important since the modules may be nonreciprocal. This
approach also may avoid the need for a Fast Fourier Transform (FFT) for pat-
tern computation. An FFT is not practical if, for example, fine angular

pattern resolution in the vicinity of a null is required.

An infinite array analysis usually assumes plane wave excitation. Dur-
ing radar transmit, the illuminating field is expected to differ smoothly
from a plane wave across the face of the lens. This difference istaken into
account by expanding the beamformer field illuminating a cell in plar. waves

and analyzing the cell separately for each plane wave component.

The first approximation method is an extension of a moment method,
plane wave expansion technique recently suggested by Munk and Burrell [1].
It is applicable to lens arrays composed of arbitrarily shaped wire radiating
elements. The elements may be inclined with respect to the array plane.
Feedline scattering, a nonflat lens, amplitude and phase adjust modules be-
tween the arrays, and an imperfect ground screen also are taken into account.
(The nonflat lens is modeled in "piecewise'" fashion by allowing the cells to
be tilted with respect to each other.) The plane wave expansion technique
facilitates computing the array-to-array coupling through the imperfect
ground screen and suggests straightforward extensions, not discussed here,
applicable to dielectric support sheets (e.g., Kevlar and Kapton) on which

the radiators may be mounted.

The infinite array lens analysis facilitates computation by providing
the first approximation solution to a finite array lens. It also provides
clues to the performance of several important finite (but large) lens char-
acteristics. For example, the array active impedance variation with module
phase setting, an important parameter for module designers, can be assessed
directly. The effect of imperfect ground screen "feedback" from the target
side to the feed side of the lens also can be observed, and lens warping

(nonflat lens) treated.




The application and generation of infinite array theory and the moment
method in arriving at a {irst approximation to the lens radiating element
currents has been detailed in [S5]}. This theory has since been improved and
corrected aud the development consolidated. The vevision is given in
Section 2. The principal improvement lies in replacing a pulse expansion-
pulse matching moment method with a pulse cxpansion- polit matching-finite dif-
ference operator moment method. Section 4 shows, through comparison with
another method, that the "finite difference” metihiod is computationally more
accurate and efficient than the '"pulse matching” ccttwd. Also, radiator
arms inclined with respect to the array plane are modeled far simply with

the "finite difference'" method.

The theory underlying the hivher approsimations current computation
ind the fi d highcer approximations patters comput.ation is entiall 1
and the first and higher apprvoximations pattorin computation ¢ essentially

unchanged from that iu [5] and not repeated lwrc.

The main computer programs and :subprograms are Jescribed in Section 3.
A general module model in terms of two-port scattering parameters is not yet
implemented but should be available shortly. Two limited module models - an
S parameter transmission line passive phase shifter model and the impedance
representarion described in [5] - presently are implemented and are included

in the program descriptions. Data input is described in Section 3.3.11.

Section 4 gives results of applying the first approximation plane wave
expansion (infinite array) moment method to active impedance and current dis-
tribution computations for dipole array elements with feedline scattering
accounted for. Results for "Swept back'-dipole arrays also are given. This
is the first time theoretical active impedance and current computations of

infinite planar arrays of radiating elements inclined with respect to the

array plane have been reported.




SECTION 2

IMPROVEMENT AND CONSOLIDATIONM OF FIRST APPROXIMATION THEORY

A combined plane wave expansion moment method technique is applied in ob-
taining a first approximation of the radiating element currentsin alens. It is
applicable to lens sections (cells) composed of many identical arbitrarily
bent wire radiating elements in each of two parallel arrays. It also accounts
for amplitude and phase adjust modules interconnecting the arrays and an im-
perfect ground screen between the arrays. In particular, the technique per-
mits the modules to be progressively phased although the module amplitude ad-

justments must be uniform throughout each cell.

A lens formed by two planar, periodic infinite dipole arrays, a and b on
either side of a finitely conducting infinite ground screen is shown in Fig-
ure2. An exciting plane wave,Eex,that is arriving fromthe negative z side is
directly incident on array a (Figure 3). Amplitude and phase adjust modules
connect array a to array b. Array a faces the radar transmitter during radar
transmit and faces the target during receive. Array a thus is always on the
illuminated side and array b is always on the nonilluminated side. Each array
lattice may be general rectilinear (skewed) of which "rectangular" is a special
case. Array a elements may differ from array b elements; however, each element

within an array is assumed identical.

The following analysis of this lens is not restricted to dipole array
elements. FEach element can be a collection of thin bent wires; e.g., folded
dipole or dipole with parasitic scatterers. The elements can be inclined with

respect to the array plane. Also feedline scattering is considered.

The analysis is structured around a port representation. Each pair of
terminals entering an array element is assumed to be a port. The port vol-
tages and currents are shown in Figure 3. The superscript (a or b) indicates
the array, The subscript indicates the element location with reference to
Figure 4 where mn denotes the mth element along a line parallel to the lattice
e coordinate and nth element along a line parallel to the lattice y coordinate.
The mn = 00 elements lie on the z axis and are referred to as the reference

elementsa,
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Balanced mode transmission line theory, applied to the mnth elements'
feedlines and module, is employed in relating the mnth element array a port
current and voltage to the mnth element array b port current and voltage.

This relationship is combined with a second relationship between the port vol-
tages and currents in achieving a solution for all port voltages and radiating
element current distributions. The second relationship employs a plane wave
expansion moment method technique that accounts for all radiation coupling
including field penetration through the ground screen and feedline (unbalanced
mode) scattering. The feedlines, whether coaxial or twin wire, are modeled
(Figure 5) as single thin wires. If the actual feedline is twin wire, the
radius of the feedline model wire is chosen such that the model and the actual

twin wire exhibit approximately the same scattering.

The Figure 5 model assumes zero unbalanced mode feedline currents at the
element ports. The model also does not allow unbalanced feedline currents to
flow through the modules. These assumptions can be removed by employing more
general, but more complicated, models, e.g., treating modules as four-ports

instead of two-ports and permitting multiple wire junctions at the feed ports.
2.1 PORT REPRESENTATION AND SOLUTION

Array a and array b port currents are determined by requiring that they

satisify the port boundary conditions*

v w8 4 y3b X (1)
mn mn mn mn
vb - Vbb (2)
mn mn
where
a b a b
A and V , the total port voltages, are related to I and T via che
mn mn mn

mnth module (including feedlines) two-port parameters;

V:: is the array a mnth element port voltage with ESX = 0, the ground
screen assumed perfectly conducting, and the array a ports

excited with the I:n as ideal current sources (Figure 6);

* A suppressed exp[juwt] temporal variation is assumed throughout the
development.
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Vbb is the array b counterpart to Vaa;
mn - mn

b . t . >
Vzn is the array a mn h element port voltage with ET = 0, all

. . b .
array a ports open-circuited, and the Imn as ideal current
sources exciting the array b ports (Figure 7);

ex . :
an is the array a mnth element port voltage with all array a

ports open-circuited and the ground screen assumed perfectly

conducting (Figure 8).

In arriving at (1) and (2), the finite conductivity of the ground screen
is considered significant with regard to feedback from array b to array a.
Severe pattern degradation may result if the module amplification is compara- 1
ble to the ground screen attenuation; therefore, it is important to preserve

this effect in the model.

Since the excitation is assumed to be a plane wave, the relationship of
the current on the mnth element to the reference (OOth) element current is
known. It therefore is necessary to solve (1) and (2) for the reference ele-
ment current only. Each array element is modeled as piecewise linear and the
array is viewed as a collection of infinite arrays, each one corresponding to
one¢ linear segment. A moment method procedure is applied where each expansion

function is one of the infinite arrays. The field from each "expansion array"

is expressed as a doubly infinite sum of plane waves. One advantage of this
plane wave expansion is that penetration through imperfect ground screens

becomes straightforward.

The method presented here is an extension of Munk and Burrell's work in
that interconnecting modules are introduced between arrays and, more impor-
tantly, the modules may differ from element to element: fn.pa;ticular, the
modules may introduce a linear progressive phase and thus diffé; in a well-

defined manner. If the modules are identical, the incident plane wave

B (D = 2 exp[—jksxx -jksyy ~jks_z ]

12
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excites port currents of the form

a _ .a s _
I, = Tgpexp [-ikmd s - jkd s ] @)
b _ .b _ s .
I, = Igp exp [ jkmd s -Jkndysy ] (4)
where
>

r = xx + yy + 2z is a field point position vector;

~ ~ ~

X, Y, z are the rectangular coordinate system unit Qectors;

k is the propagation constant;

S .t S, sz are the rectangular coordinate directional cosines of the
propagation direction of Eex;

d.e and jy are the lattice e and y interelement spacings; (Figure 4);

I:O and Igo are the reference element port currents.

The directional cosine Se is given in terms of Sy and sy by [ 5 (Section 3.2.4)}
dxsx-Ays
s = XX ¥

e d
e

where dx and Ay are defined in Figure 4.

The justification for (3) and (4) can be demonstrated from linearity con-
siderations; a similar form applies to the induced port voltages. Equations
(3) and (4) are not sufficiently general if the modules are progressively
phased. If the phase imparted by the mnth module with respect to the refer-
ence module is -k(mde a, + ndy ay), the feedback phenonmenon due to the imper-

fect ground screen and impedance mismatch suggests port currents of the forms

a - a -

Im UE IOO(u) exp [ jhnde(se-fuue) - jkndy(sy-hmy)] (5)

b b _

ol -..E Toocuy &P [~ Jkmd (s +ua ) - knd (s +ua )] (6)
13




b
s . The 12
where u is referred to as a feedback mode number e IOO(u) and IOO(u) are

t
the u h mode coefficients of array a and array b reference element port cur-

rents determined as described below, by satisfying (1) and (2) with (5) and (6).

aa bb ab :
. . B
With port currents expressed by (5) and (6), an, an, an in (1) and
(2) become
bd .
aa aa a .
an }E: z [se+uae,sy+uuy] IOO(u)exP [-kade(se+uae)
u:.—ﬁ
~ jknd_(s_+ua
y'v y) ]
-
bb _ zbb[s +ua ,s_+tua ] Ib exp (- jkmd (s +ua )
an - e e’y Y 00(u) e e 2
u:—c)
- jknd (s _+ua ]
3 y( - y)
-
ab ab b - jkmd (s 4ua
v - Z z [seﬂae,sy-i-uuy ] IOO(u) exp [-J e( o e)
us—m

—jkndy(sy+uay) ]

where , for u = 0,

228 (s ,sy] is the array a active impedance when driven by port
e

currents ( 3 ) and the ground screen perfectly conducting:

zbb (s ,sy] is the array b active impedance when driven by port
e

currents ( 4 ) and the ground screen perfectly conducting;

b . . :
2% [s ,sy] is the active mutual impedance from array b ports to
e

array a ports with array b excited by port currents ( 4 ) and

array a vpen-circuited (feedlines removed).

14
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k

Specifically,

zaaTse,sy] )

00 perfect ground screen

bb
Voo
b

I00 perfect ground screen

zbb[se'sy]

b "%
®[s 8] =
e ¥y I
00 inperfect ground screen, array a ports
open-circuited

wherc Igo and Igo are reference element port currents with the arrays

excited by port currents related by ( 3 ) and ( 4 ). A moment method
. . aa bb ab .

technique for computing z [se,sy], z [se,sy], and z [se,5y] is des-

cribed in Section 2.2. Similar relations hold for u # O.

A means for determing the short-circuit array a port currents

ex ex .
I = Too exp [~ jkmd s, -jkndysy]

-,
due to E°X with the ground screen perfectly conducting, is described

in Section 2.2. The Vo' in (1) then are given by [5, Eq.(3-20)]

v:: .- zaa[se,sy] Igg exp [-jkmd s, - jkndysy] 7
where the reference direction for I:: is the same for I;n in Figure 5.
In column vector notation, ( 5 ) and ( 6 ) can be represented
as
- .
imn - :E:: iOO(u) exp [-jknd (se ¥ uo(e) ) jkndy(sy ¥ uaY) ] ®

uB—-

15
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where

aa ab yex
an + an on
v = +
mn
bb
v
m 0
where
v3
m
an =
vb
m
This may be written
o
\—] =
mn

y=s-w

. -eXx
+ -1k 5 - 3 S 7
exp (-3 mdese )kndy y} \00

16
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where

y
1 [zu] =
0 zbb[se+“°ens +uuy )|
aa ex
e -z [se,sy] I00
Voo T

Let the mnth module (plus feedlines) scattering parameter matrix be denoted
[Smn]. If the scattering parameter normalizing impedances are R? and Rb for

the array a and b sides respectively,

v (r1Y2 vy + (s 1T, (10)
. ~1/2 -
Lo IR} 725U - Is, DT an
where
1 0
(u] =
0 1
R? o
[R] =
o r°
!
ca
mn
| am =
cb
mn
17
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a b . . . o
and Cmn and Cmn are the "incident" scattering variaples. Assume that

Cmn may be expanded in “reedback"” modes, as is lmn' according to

T - Z Coocay &P [~ J0md, (s +ua,) - jlnd (s tua )] (12)

u=-—-o

Then { 9 ), (10 ), aud { 12 ) combine to vield

-3 -3 1/2 z
_5_ exp [-jkmd_ua  —jkndpug | (pit 2 (o) + Is_ DTy (13)
u=-°
- =ex
~ T2 Mg5(0) Voo
Another equation in COO(u) and IOO(U)' obtained from ¢ 2§, (11 ),
and ( 12 ), is
exp [-jkmd ua -jknd ua |} [R]llz([U] - [s._NC (14)
& J e e J y vy mn 00(u)
u=—co

ot

4+

iOO(u)

where 0 is the null columa vector. A set ol simultaneous equations is formed
from (13) and (14). The module "phase setting;', rooand o, will be of such
magnitude that lSmn} repeats every M ox N elenments, Premuléiplication of (13)
and (14) by exp [J2-mvM'/M + i2:nvN'/'}, where v is an integer, summation over
onc¢ 'progressive phase period," 1.m-M and 1-n-N, and interchange of summations

yields
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C P - 00 "
Z ([FW]COO(u) - [Fvu] [zu]IOO(u)) = (15) |

(VO ) 5 V=i'1,12, cea

= w 3= - = N . (16)
Z UFy, ) Coey + (Fu)Tgoq)? =0 V=0.2l,22, ...
u.—@
where
N M
[(Fi,] = ) D exo [52mm(v = WM N + 52y - wN'/N ] 7
n=1 m=]
3
(R)Z ([ul+Is D
N M
1= ZZ exp [§2m(v - u)M'/M +j2m(v - wWN'/N]
o=l m=1
(18)
(R17% (101 = IS, D)
N M
[[-‘w] = ZZ exp [j2m(v - u)M'/M +3i2m(v - u)N'/N][u]
n=l m=1 £12) #

{MN[U] u=v
0

otherwise

The simplications resulting in the right-hand sides of (15) and (19) assume
that (v-u)M'/M and(v-u)N'/N are never integers simultaneously. This condition
occurs whenever (v-u) is an integer multiple of M and N simultaneously. This

condition is avoided by limiting (15) and (19) to only the lower val.ied
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equat ions in |v[ and by limiting the infinite summations to only lower values
of }u:. This is permissible if only lower-ordered "'feedback'' modes, u, are
significant.

A special case of interest is a passive lens with modules replaced by
transmission lines. The relative lengths of line determine the progressive

. . th ,
phasing. The scattering parameters for the mn element hecome

. M' N'
= Y b A 7
[Smn] exp [-j2nm j2nn N 1 W]

if RY = Rb = RO’ where R0 is the characteristic impedance of the transmission
line and
0 exp[—Jk‘O]
[w] =
exp[-jke.] 0
0
where o is the length of the reference element transmission line. Equations

4]
(17) and (18) reduce to

/"ig MN [U) v-u=0

(e 1= VFEB MN (W] v-u-=-1=0
0 otherwise
(MN/YEE) [ul vV - u =

ey 1= (-MN//ﬁg) [w] v-u-1=0
0 otherwise

Eruations ( 15 ) and ( 16 ) then become

—eX

o _ ) i V()() v = 0
R + v z i =
"y o TR 191G ooy T TR T T ) 5 0
) vo= t1,%2, .

(20)
L - L owie + T =0 vosa,tl,02, (21)
vRo 00 (v) Vi 00 (v-1) 00 (v)
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Finally, ( 20 ) and ( 21 ) can be combined to form

VRy[U) + -/}g (z,] ] oot * [_7% (z,) + /R, [u]] (¥1Co0 (v-1)

0 v o= +1,%2, ... (22)
Equation ( 22 ) can be solved for Eoo(v) under the previously stated
condition that only lower-ordered feedback modes are significant. Then

{(21) can be solved for IOO(v)

2.2 PLANE-WAVE EXPANSION MOMENT METHOD
The array a and b active impedances, zaa(se,sy), zbb(se,sy), array b to

array a mutual impedance zab(se,sy), and the array a reference element short-
circult port current Ig;, are considered in this section. The development is
not limited to array radiating elements oriented in the plane of the array.
Scattering from element feedlines and radiation and scattering from elements

having arms inclined with respect to the array plane, thus, are accounted for.

Consider first array b with the ground screen absent. A port voltage
or current source array excitation that is uniform, except for the pro-

gressive phase -jk(mde Se + ndy sy ) imparted at the mnth element with

respect to the reference element (m = n = 0), results in the current
-b' b d - -b' - _ 23
T ) = T (') exp [-knd s, -$knd s ] (23)

th element wire axis, where r' is a point along the reference ele-

along the mn
ment wire axis (path C' of Figure 9) and ;ﬁn is the vector from the reference

element feed to the mnth element feed. This form for fﬁn(;'+;ﬁn) also will

arise if the array is excited by a plane wave with directional cosines

S s sy. s, for the propagation direction. Under this excitation, once fbo(;')

is determined, the current on any array element is given by (23).
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Figqure 9. Curved Thin Wire Array Reference Element
Modeled by Linear Segments
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The boundary condition from which foo(;') is determined is

s rex >
“Bean ~ Bran = Ptan (24)

along the surface of the reference element, where E® is the field radiated by
all fmn(;'+;;n), £%* 4is an exciting plane wave in the absence of the array
(impressed field), E is the total field, and the subscript "tan" denotes
"component tangential to wire surface." Along perfectly conducting wires,
E = 0 at all points except at a source port, where Etan is the source

tan

field of an ideal port voltage source, VOO’ and it is assumed that each mnth

element is excited by port voltage

an = VOO exp [-—jkmdese —jkndysy]
A partial difference operator, point matching moment method solution

of the thin wire approximation of (24) results in an approximation of
fbo(;') {2). 1In this procedure, the wire axis of the reference element is
approximated by an Ns straight line segment fit (path C' of Figure 9) begin-
ning half a segment in from wire ends where the current is zero. The refer-
ence element may be composed of disjoint wires (as with parasitics) and also
may have multiple wire junctions (as with top-loaded dipoles). First,

T (') 1 ded
00 r s expan e as

Ioo(r') = E Ij fj(r')lj (25)
j:

> ,th
where f,(r') is a unit 'pulse' of wire current traversing the j segment of

3

length A,, 2
BER %5 Y

and Ij is an unknown coefficient to be determined. The substitution of (25)

is the jth segment of path C' reference direction unit vector

into (24) results in

N
s
- -+ . Tex ¥ (26)
Z Ij E:an(r’j) El:an - Etan
j=1
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where ﬁs(g,j) is the field radiated by the infinite array ot jth segment expan-

sion functions
f.(;')ﬁ. exp [-jkmd s -jknd s ]
J J e e yy

A matrix equation, solvable for the Ij’ results from (26) by a point matching

procedure. Equation (26) is satisfied at the centers of each segment along a

path C parallel to the segmented path C'.
weighting moment method whereby the weighted average of (26) along C is taken

This is equivalently an impulse

with respect to each of the NS weights

Ry - > ~
w,(r) = 4, 8(r-r,)2,
1( ) i ( 1) i
-~ -
where S(r-r.,) is the unit impulse function and Ty is the position vector of

.t )
the center of the i h segment of path C. The result is

Sex o (27)
.th = =ex =
where the i~ elements of the NS x 1 column vectors T, V' °, and V are, ’

respectively, Ii

> “
veE = fﬁex-{;.(r) a =8, BN L, (28)
1 1 1 1 1
C
> > > > > -
V.= f&‘.'w.(r) a = & B(Z,)-L,
1 1 1 1

C

.. th . . .
and the 1j clement of the Nq b4 NS momei.t matrix [7] is

2, = 0BT (r,3) A = - A, BO(F, L3-8
i3 T wo o) sE7(r, ] = - Ay (ri,J) i (29)
C

e - . . . . R .
il niee. oot S o '“i . . .
Lo e heae aa o W T a s




In determining zij’ the field Es(;i,j) is represented in terms of a vector
potential K and gradient of a scalar potential ¢. Following the development
in [2, Chapter 4], the scalar potential term is approximated by a partial dif-

ference for the gradient resulting in

. - T > oy -> .
i3 = )uAizi A(ri,J) + d>(ri .3) ¢(ri . 3) (30)
| a b
E
5 where
. o=r +(A /D8,
i i i i
a
-> > ~
rib= ri-(Ai/Z)JLi

and w is the radian frequency. The vector potential arises from the infinite

array of progressively phased unit amplitude pulse segments

-+ A
. s .
fj(r )%j exp | )kmdese Jkndysy]

and the scalar potentials from partial difference approximations to the linear
charge densities associated with the infinite array of fj(;'). The reference
element charge density oj(;') associated with fj(;') becomes two '"shifted”

pulses of charge density, each of length A Thus

5

-+ >
£f.(r') - £, (r")
Ja Jb

jwa .
] J

oj(?') = {(31)

where f is f, shifted in the direction %, to center at r' = r' + (A
Ja h b ja ] ]

>, th '
(r! is the position vector of the center of the j segment of path C') and

3

£ is f, shifted in the direction -%, to center at ' o= ;' - (A, IDL,.
jb ] 3 jb 3 h| h|

- >
Plane wave expansions for K(ra,j) and ¢(ra,j) are derived below.

g i
/2)2j 1

Munk and Burrell obtained the expression [1, Eq. 3] for the field from
an infinite planar array of point current dipoles. They indicated that this

25




expression is valid for arbitrarily coriented dipoles; the dipoles need not be
oriented parallel to the array plane. Munk and Burrell also mentioned
that a moment method can be developed from this expression. However, the

mutual impedance expression they derived {1,

+q. 19]) restricts mutually cou-
pled antenna segments to have disjoint z axis projecticns. The generalization
of the moment method to handle "out of plane” clemcnts necessitates more com-

plicated expressions. [lhese are derived here.

Consider two-dimensional arravs of incremental current dipoles and incre-

- ; th .
mental linear charge densities having mn clements piven respectively by

a

f (240 A = RN ewpl-]
mn mn i i

£V by 2t = (v' d: exp!l —4km L ilnd -
omn(r +rmn)d, ,3\r sditexpl kadgse Jknd

Following the work of Munk and Burrell {1, Appendix 41 and Kornbau [4], the
- >
corresponding vectar potential dA(rl,j) and scalar potential df(ra,j) at a

>
point r, are given by the plane wave expansions

> « “ - > .
de'n £, (r") . ‘ exp [-jk(r -r')-g,]
> > ., - W_‘_‘J*"_‘Jl [0 =
dA(r_,3) STod 2: z , . (32)
Xy _ - z
p.__.m q..._GZ)

> N
exp f—jk(rq~r')'g+

- . -
HICIE) P (3%
v g
&
p;‘-s-- = e S0
>, -
for (r”—r Y-z 7 0 where

n = free space wave impedance
= free spacc permitivity
“ . Y B r-j ‘_ A ] .
g = x[s +p -+ q L + ovls 4 - Irz
B ( x U4 tdod ] et d B2

R X v : y

/ ( \ VA ]:) 1:)
= I-{s +p - +q ~—=-1" - [g +q ,-17
82 X P ba4 v R
« v v
= free space wavelensth
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If the expression under the radical in 9, is negative, 9, is chosen to
be negative imaginary; if the expression is positive, g9, is nonnegative real.
This assures that all plane wave modal fields travel outward from the source
array plane and nonpropagating modes attenuate. A plus sign subscript on g
corresponds to field points ;a in front of the array nlane; {i.e., (;&;")-2 > 0.
A minus sign subscript corresponds to field points behind the array plane;
i.e., (¥ -1')-z<0.

Since f.(;') is the reference element jth segment unit '"pulse" and
T = ;5+2'ij (as defined in Figure 10), (31), (32), and (33) yield, after

interchange of integrations and summations,

2 nA
> > . - > .
A(ralj) = /dA(ra.J) = 2ded Z Z d» (a 3) (34)
Cl

p_-.oo q—'—oo

o(f ,3) = qua(?a,j) - E E CCH A CH ')
' 2k"d_d
C Xy
p-—oo
(35)
The ¢ (a,B) functions assume one of three different forms:
expl- Jk(r “rh). g Y] sinlk(2.-§ )4./2]
b (a,8) = : k(’(‘J LA (36a)
rq 9, [ +)L\j/2
s by
: [ f ool
if (ra—re) z - 2l9j z,
expl-jk(zr_-2')-q ] (k(%.-g )b./2]
xpl =~ r -r')- sin .. .
- Y (e, p = R Bl 2 9- AJ/ (36b)
< pq g k(.- )4, /2
2 J = 3 A
et - 31
if (r rE) zz 5 ‘lj zl
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Figure 10. Expansion and Weiahting Seaments
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exp[—jk(;u-;é)'§+]

v {a,B) = % - - (exp[ kL (&
pq [ Jkquzlj q,

579,01 - explFik(d;.g,)8./2])

I T SN
exp[-gk(ra-ré)'g_]

- o jkE(L.-g )] - +ik (R, -q ). /2
Jkqusz.g_ (exp[]kl(!’,J g_)] - expl*jk( 3 g_))/ ])]

(36¢c)

g R fl“.A 3 e
if |(ra-r8)-z| <3 | iz and £,-2 20

where

Equation (36a) applies when the entire source segment is closer to the

ground screen than is the field point ;u' The plus sign subscript is indica-
ted since the plane waves then are propagating in the positive z direction.
Equation (36b) applies when the entire source segment is further from the
ground screen than is ;a' The negative sign subscript now appears since the
plane waves are propagating in the negative z direction. Equation (36¢c)
applies when ?u defines a point common to a plane that simultaneously di-
vides the source segment and is parallel to the array plane. The & coor-
dinate along the source segment of this point is defined by equating z axis
grojectiéns of ;a and ;é + 2'ij, yielding 2 given by (37) (Figure 10 with

r, © ri) . For zj-z <0, e.g., the lj direction indicated in Figure 10,
integration with respect to L' from -AJ/Z to & involves plane waves propaga-
ting in the negative z direction; hence, the - subscript is indicated for g
in the second set of terms in (36¢c). For the integration from % to AJ/Z, the
properly chosen plane waves propagate in the positive z direction; hence, the
first set of terms in (36c). Equation (36¢c) also applies when ﬁj-i >0. The
?ppfr (IOWfr) of the * signs in (36c) applies for lj-i >0 (ij°i.<0). 1f

£ -z = 0 (L not defined), either (36a) or (36b) applies.
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Equations (30), (34), and (35) yield

(38)

In (38), the field point vectors ;i’ L and ;i occur (nots defining equa-
a b
tions following (30)). These vectors define the midpoint and endpoints of

.th . . . c s h
the i~ weighting segment along path C as shown in Figure 15. Thus

(VA

?i=;i+ i

where i;i1 is the wire radius a; along the ith segment. The vector direction
> - >
of a, is, of course, normal to li' The vector ay is defined fully by requir-
> A -

ing that ay also lie in the plane formed by Qi and z. This speeds convergence
of the infinite summations in (38) for segments oriented nearly parallel to
the xy plane. This condition is satisfied for

;. = al, x (z x Q.)/li, x 'z x £.)!

i ivi i i i

If a ground screen is present a distance d behind the array, image
fields must be considered in each impedance element computation. Let double
primed position vectors and segment path lengths refer to those for image cur-
rents and associated charge densities. Then, since the coordinate origin lies
on the ground screen,

P om ox(xer!) + y(yer!)) - z2(z-2))
i xry) +ylyery (z- x4

o= X(X-Qj) + y(y-ﬁj) - z(z-Qj)
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and the ijth element of the moment matrix for an infinite array over a per-

fect ground screen becomes

8s _ _ oimage
zij zij zij (39)

where Zij is given by (38) and Zi?agﬁs Zijof (38) with wpq(a,B) of (38) com-
puted by (36) with ;3 replaced with :H, and ij replaced with ig.

For plane wave incidence, the voltage column vector elements given

by (28) must be appropriately modified to account for reflection. If

Eex - Eex % + Eex § + Eex n
X y z
(where E:x’ E;x, and ij are, by the plane wave condition, constrained by
Sinx + 8yE;x + szE:x = 0), the ith element of the voltage column vector

including reflection from the perfect ground screen is given by

y&%.88% _ 5 ¢ .-jkckx+syy) ~23sin(ks z) (ES® x+ESF §) + 2cos(ks z)E°™ 2
i i°i® Jsintis 2/ 5 A 2"z

(40)
Equation (27) then becomes

(28511 = T®%°8S 4+ § (41)

Equations (36), (38), and (39) simplify if the vadiating elements lie in
the array plane. For this special case, (36) and (38) reduce to

oo oo
zijsm"d E E (A B, (2,-2.)
Iy i3

p=—m q:—oo (42)

4 . A . P ©
2 sin [k (2, 9,)4,/2] 51n[k(Qj-g.‘_)Aj/z])wpq(l'J)

. »> "' .“ . ~ "‘
) exp [-jk(ri-Fi} g+] sin [k(2149+)4j/2] (43)
Vpq (13 K 508.72
9. j'g+ 3
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Only the "+" sign for é+ appears in (42) and (43) because of the simplifying
assumption of wires lying parallel to the xy plane and the path C is chosen

to lie a wire radius in front (positive z direction) of C'.

The progressive phasings, Sy and Sy’ which, for a particular p and q,
cause g to be zero, can result in an infinite Zij' These progressive phas-
ings correspond to “grating lobe singularities’ since they correspond to
grating lobes just entering the visible range; i.e., nonattenuating plane
waves propagating along the array plane. This is one possible source of
"blind spots" and rapidly varying active impedances with scan. This 1is only
a "potential' condition for infinite Zij since, although 8, is in the denom-
inator of &pq, in some situations a compensating effect occurs. Such is th
case, for example, in F-plane scans with periodic infinite arrays of v di-
rected dipoles where E-plane grating lobe singularities are suppressed. This

is clear from (42) for small kAi/Z since, in the E-plane, é+-§ = 0, 2 1

.é =
i ®+
as gz<>0, and the parenthetical term multiplying wpq(i,j) vanishes.

The presence of a perfect ground screen also inhibits blind spots due
to grating lobe singularities if the radiating elements lie parallel to the
array plane. If d is the height of the array above the ground screen and

the positive z axis is directed from the ground screen to the array as for

array b, Z%j of (39) is given by Zij of (42) with wpq(i,j) given by

23 sin(kdg_ )
Y i,]) = axp [k (T, ~r)) -G +dg )]
pq 9, i + Tz

in[k(f,-g.)A,/2
sin] (__L9+) L/ ]

—] 4)
(L. 5.8, /2
( J g+) J/

in place of (43). 1t is apparent from (44) that wpq is bounded at a grating
sin kdg

lobe sinqularity since ———2;——33 is bounded as 8,” 0. This ground screen
suppression of a blind spotzat a grating lobe singularity assumes the radia-
ting clements lie in the array plane. TIf, for example, the dipole arms are
inclined with respect to the array plane or feedline scattering is present,
the around screen may enhance the blind spot effect at a grating lobe singu-
larity above what it would be if the ground screen is absent; thus, consider-
ation of out-of-planc radiating elements via the general expressions (36),

(38), and (39) is important.
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The array b active impedance, zbb(se,sy), then can be determined by solv-

ing (41) for the source segment, i = is, current coefficient, Ii , with
s

vix'gs = 0 forall i and V, = 0 for all 1 # i_. Then
v
N
Se? y Ii

s

. . aa . .
The array a active impedance, 2z (se,sy), can be obtained in the same manner.

1
ex
The array a reference element short-circuit current, IOO’ can be deter- E

mined by solving (41) for Ii . Now, however, V, = 0 for all i and the ele-

i
=eX,gs

ments of V are given byS(AO).

The array b to array a ground screen penetration coupling, zab(se,sy),

fect ground screen can be determined from (41) where [ng] is the array a

yexs8S G,and the elements of V°

ground screen present momentmatrix,G =
are given by (28) with FeX replaced by the field £t transmitted through the
ground screen with array b excited by current sources given by (4). (A means
for determining Et is discussed below), The element 11 in the solution
vector, I of (41), is then the short-circuit array é_referegce element port

current. The reference element open-circuit voltage is

t aa a
V00 -z (se,sy) Ii
s
thus,
z28%(s ,s) 12
ab ey is
z (se,sy) = - Ib (45)
00

The field Et is obtained readily from knowledge of the plane wave
transmission coefficients of the ground screen and the plane wave decom-

postition of the field from array b. The array b current is determined with

array b excited with port current sources (4). The array b reference element
ex,gs
i

curreat vector ib is the solution I to (41) with V = 0 for all i and




|
|

‘ 0 i#i

bb b o
I z (se,sy)IOO i=i
The array b currents excite a field £'(¢) incident on the ground screen.

The plane wave expansion

NS
—>1 > A n
(r) = E I 2d a, E E bog 9 h (46)
j=l =—00 g=-o

where

+ > ~ A
—i 7). : 7 . /
i exp [-jk(r ril g_ 1 sin [k( g q_)Aj/2]

] 3) = T
k(%.-9g )A./2
Pq 9, ( 3 g_) J/

can be derived from [1, Eq. 3 ). The subscripted negative sign: indicate that
(46) applies for (r —;;)-2 < 0 as is appropriate since the grouad screen is
"behind" array b . Since Ei is a superposition of plane waves, E" is obtained
by applying the proper transmission coefficients to each component plane wave.
Each plane wave in (46) propagates in the é_ direction; thus, é_ and z (ground
screen normal) form the corresponding 'plane of incidence." A unit vector

normal to the incidence plane is

v

an: a unit vector parallel to the incidence plane and normal to é_ is

i

n” g_xh_L
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Any plane wave travelling in the é_ direction can be decomposed into two

plane waves, one with an E field polarized along ﬁl_and the other with an E

field polarized along ﬁll. 1f T; and T]l are the corresponding transmission

coefficients,
N
s
E " (r) = J 2d d [n| l(n'
j=l p=~—x g=-~o
(47)
~ ~ > i
+ g Ty (g 'h—)] Ypq 9
. . Zex | .
The substitution of (47) for E™" in (28) yields
Ns
ot - b AiA.n hd o . R o, PR
- X'y :E:
(48)

and z° (s ,s ) is determlned as prev1ously discussed in the paragraph con-

taining (45) In (48) w (1,3) is ¢ (J) with r replacing r.
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SECTION 3

IMPLEMENTATION

The computer programming to date of the lens simulator is discussed be-
low. Two main programs have been developed - FAM and HAM. The first approx-
imation method is carried out in FAM (Section 3.1). The higher approximation
method is carried out in HAM (Section 3.2). The program HAM relies on data
generated by FAM that is stored in disk files. Several subprograms,
discussed in Section 3.3 are used by both FAM and HAM. The discussions and
flow diagrams follow closely the theory nomenclature of Section 2 and [5].
Computational considerations of several equations and convergence rational

are discussed.

User data input is described in Section 3.3.11. Data is inputted in

an interactive manner; the computer queries the user.

The general scattering parameter model derived in Section 2.1 is not
yet implemented. This implementation is presently taking place. The spe-
cialized scattering parameter model that applies to passive phase shiftrers
composed simply of lengths of transmission line is implemcnted. Also a
specialized impedance parameter model [5, Section 3.2.1] is implemented.

The user selects the model most suitable.

An efficient folded dipole radiator model, not discussed in the theoret-
ical developments, is implemented as a user option. This model is described

in Section 3.1.

Computer run time is consumed primarily in the computation of the infi-
nite array moment matrices. Atlantic Research Corporation is investigating
eliminating this computation from FAM., Instead, a third computer code would be
constructed that generates the infinite array moment matrices for several
scan angles. The program FAM, then, would read these matrices from data
files and interpolate to arrive at the moment matrix for a specified scan
angle. The moment matrix generating code would best be run in a batch-like

mode and FAM and HAM in a user-interactive mode.
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3.1 First Approximation Method

The first approximation method (FAM) implementation is discussed here.
The radiating element currents and port impedances are computed for each cell
assuming infinite periodic lattices. The first approximation lens radiation
patterns are computed from these currents. The underlying theory is described

in Section 2 and [5].

The subroutines called by FAM are listed in order of first invocation
in Figure 11. Subroutines called by subroutines of FAM also are listed
(indented) beneath their respective calling programs. A flow diagram of

FAM is given in Figure 12.
Lens data are read in via LENSIN, cell data via CELLIN and cell illumi-

nation via FEED. Subroutine FEED assumes a point source located a global z

axis distance behind the lens. The effective radiated power and E-field X,y
polarization components (global system) at the cell coordinate origin must be
provided for each plane wave component of illumination. (The illumination is
the field in the absence of the lens; the global coordinate origin is in the

lens ground screen).
An option for modeling folded dipole radiating elements efficiently is

available in FAM. If the option 1s exercised, the user supplies the folded
dipole transmission line mode characteristic impedance Z0 and dipole length

(end to end) L. The transmission line mode impedance is computed in FAM as i
Z = jz tan(l-kL)
t 0 2

l
This impedance is combined with the infinite array folded dipole radiation i
mode impedance z to yield the folded dipole scan impedance given by [6] f

42 z
folded dipole scan impedance = Zt+Zz

The infinite array folded dipole radiation mode impedance z is the scan imped-
ance, including scattering from feedlines, of an array of simple dipoles of

equivalent folded dipole radii a,- The wire geometry supplied by the user ;
that specifies the radiating element must, therefore, treat the folded dipole
as a simple dipole of radius a,. A good approximation for a, can be obtained

through two dimensional analyses as indicated by Wolff [6, pg. 61)}. A first

" g
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approximation to ae for a folded strip dipole with parallel strips separated
a small distance with respect to the overall folded dipole width w is

a = w/b
e

The user may choose either an impedance parameter model or a scattering
parameter model for the module (plus feedlines) two-port implementation. The
impedance parameter model is based on the derivation in {5, Section 3.2.1].
It allows for active modules (amplifiers) but restricts the impedance param-
eters to an idealized model; impedance parameters must be uniform functions
of progressive phase angle setting except for the phase of the forward mutual
impedance parameter. That phase varies from module to module by a progres-
sive phase increment. Be advised that the impedance parameter model de-
scribed in [5] is based on [5, Eq. (3-12)] whereas the development in this
report is based on (6). The two equations differ by a feedback mode offset,
and the restriction to only nonnegative feedback modes in [5]. The offset im-
plies that the u = p mode computed using (6) is the u = p-1 mode computed
using [5, Eq. (3-12)). The mode incrementation loop in FAM follows the (6)

convention. Thus, if impedance parameters are chosen, the u = p mode compu-

tation of I:n in FAM should be interpreted according to [5, Eq. (3-12)] as

b ' the u = p+l mode.

If Mutual is bypassed (ground screen assumed perfectly conducting) only

a scattering parameter module representation is allowed. )

The scattering parameter representation for the module plus feedlines

is presently implemented for the special case of modules composed simply of
lengths of transmission line. The characteristic impedances of the module
transmission line and feedlines are assumed equal (-RO). Equations (21) and
(22) then apply for determining the array a and array b reference element

: ral T " "
port scattering variables COO(u) and currents IOO(u) for "feedback"” modes

u=0, 1, +2, ... . Equations (22) generally are not decoupled. A simpli-
fication, employed in the present implementation, is that only nonnegative
feedback modes u are significant. Equations (22) then decouple to yield the

recursion relations
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1 -1 -ex
= (/Rylul + = [zy1)7 Voo

0

C00(0)

- -1 = =
Cooey = Roll) + [2,D7F (lz)) - RAUD WIEgq(, 1y v =1, 2, .o

The corresponding port currents are found from

1z

Tooo) ™ - 7% ~00(0)
0

Pl i _

Toou) = ~ = Cooeuy =~ W10 (-1’ u=1,2,...
0

A qualitative justification for omitting negative feedback modes is given in

(5(pg. 3-4)]. The validity of this assumption lies in observing convergence

in IOO(u) with increasing u.

The above four equations are implemented by first computing

Q) = 6 (z5" - Ry + Gy 2"
Qs = =3b + G2 (zy” - Ry)
0y = Gy (2% - R + Gyp 2y
Qs = 6y zg + G22(23b - Rg)
where z:a = zaa[se+uae, sy+uay] and so forth for zzb, zab, and zba;

R+ zbb
Gy ™ b T b b
11 aa a a
(R0+zu ) (R0+zu ) - 2y %
_,ab
G, = L
12 aa bb ab ba
(R0+zu ) (Ro+zu ) - z oz,
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ba
~2
G, = ¥
21 aa bb ab ba
+ -
(RO 2, ) (R0+zu ) 2, %,
aa
. ) R0 + z“
22 aa bb ab ba
(R0+2u ) (R0+zu ) - u zu

and provision for a feed "forward" iamperfect ground screcn penetration trans-

; ba
fer impedance z,

ba
expected that z,

» in addition to the feedback term zEa, is included.

will be set to zero during an actual lens analysis for the

reasons cited in Section 2.1 concerning (1) and (2).

helpful. Then
a B -
%0¢0) = = ¥ Ro
b _ Varas
Coo0) =~ " Ro
2 - 3
00(0) —
v R
0
b ~ 1
000y T =
/RO
and, for u =1, 2, ..
8 _ iy
N0Cu) €
cb } e—ijO
00 (u)
a = - ,,_‘],_ -
00 {u) —_—
VR,
h - -— -~
Ion(u) - =
" By

aa ex
%11 %0 oo
aa ex
%1 %0 oo
a
€00(0)
b
o0(0)

b

Q1 Coogu-1) * %2 Co0(e-1)’
1 CZO(u-I) * Oy Cooguey)
(cﬁn(U\ - “—jkq” UKO(u—I))
(F:O(u} 9“ik,ﬂ C:O<u~?})
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Dt AP e

where 20 is the length of reference element transmission line (module plus

feedlines).

If the ground screen is perfectly conducting,

Zy T2, TC1p =0y % Qp=Q=0and
b
IOO(u) =0 u even
a ‘
IOO(u) =0 u odd

1

3.2 Higher Approximations Method

The theory underlying the higher approximations method (HAM) is given
in [5, Section 3.3]. First approximation radiating element currents
initialize an iterative procedure that updates the current distributions
on elements near discontinuities in periodicity (lens edge, section interfarc.

failed modules, etc.) The lens radiation pattern also is updatcd.

The present implementation of HAM, discussed here, computes only the
second approximation. This is expected to yield accurate results for lattice

spacings exceeding v 0.252A,

The subroutines called by HAM are listed in order of first invocation
in Figure 13. Subroutines called by subroutines of HAM also are listed
( indented ) beneath their respective calling programs. A flow diagram ot

HAM is given in Figure 1l4.

The combined module and feedlines (transmission line mode) two-port
model can be specified in terms of the specialized impedance pa:i...civts used

in FAM or general scattering parameters. When impedance parameivrs are
)
specified, the array a and array b second approximation port currents Ié“)a
I(2)b
0
When scattering parameters are specified,

P

for a 0th array element are computed by solving [5, Tgs. /3129

(2)a
Iy

(2)b
Iy
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is given by
1. =- [RI% (V] - [S,]) C
0 0 0
where [R] and [U] are defined in the discussion following (11), [So] is the

th =
zero element's scattering parameter matrix, and CO is the zeroth element's in-

cident scattering variable column vector. The vector C0 is the solution to

[RI% (10] + (S,] + [2] ((U) - (So1)) = [2] IS¢

where
za 0
(2] =
0 zb
ex (1)aa' (1)adb
I+ 1, + 1, |
=sc
IO =
(1)bb'
I0

z® and zb are the array a and the array b isolated-element-above-a-ground-

1] \
screen input impedances; and Iex, Iél)aa ,Iél)ab,and Iﬁ}ﬂﬂ)arethe zeroth ele-

ment's short circuit port currents due to the illumination and first approx- i

imation currents on neighboring elements [5, Section 3.3.1].

3.3 Subprograms ;
The subroutine and function subprograms, typically not provided by a
computer system, that are used in FAM and HAM are dnscribed below. The

discussion follows closely the theoretical development of Section 2

and [5]. .

prevy
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3.3.1 ZMATG

Subroutine ZMATG fills the moment matrices [Z] and [ZB%] for planar

"out of plane" thin wire radiators with and without a per-

arrays of general
fect ground screen. The ground screen is located in the xy plane parallel to
the array plane. Block Toeplitz symmetry allows reducing the number of com-
puted matrix elements corresponding to interaction between segments on the

same straight wire to the number of segments on that wire. (Toeplitz symme-

try means Z for p an integer.) Toeplitz symmetry generally is

15 7 Zisp,4p
not exhibited by matrix elements corresponding to interaction between seg-
ments on different wires. Also Toeplitz symmetry generally is not present
in the ground screen image interaction matrix [Zimag] that subtracts from
[Z] to yield [ng]. However, significant computational savings usually is
achieved since closely spaced segments usually require the most computation
due to slowly converging plane wave expansions and closely spaced segments

usually are located on the same wire.

The ijth element of the free space (ground screen absent) moment ma-
trix [Z] is computed in OFFD for i # j (off-diagonal element) as defined by
(38). There, PSIGEN 1is invoked five times to approximate the five plane wave

expansions

v(a,B) = E E lbpq(u,B) | (49)

q:—m p::.-w

. . th
where a ,8 = 1i,j; ia,ja; ia,Jb; ib,Ja; or ib’jb' The i,j  element of [Z)

is computed there according to

n s . 1 1
Zij = 2—dx—d~ AiAJ(Qi'Qj) v({i,3) - ;‘i‘ W(ia,ja) - "'(_2' w(ib’jb)

(50)
1 . 1
+ ;5 W(ia,Jb) + ;7 w(ib’ja)
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Equation (38) simplifies for diagonal elements of [z]. The ith diag-

onal element is computed in ZMATG directly via three plane wave expansions

according to

n(82 - 2/k%)

2, = —a——— Y(1,1) + —D (i 1) 4 —D y(i ,1)
il 2dxdy 2d d k2 a’b 2d d k2 b*"a
Xy Xy
(51)

by invoking PSIGEN three times.

A flow diagram for ZMATG is given in Figure 15.

3.3.2 PSIGEN

Subroutine PSIGEN computes the ¥ defined by (49) and (36) in determin-
ing the infinite array moment matrices. There are two types of § computations.
One type sums over wp that contain both positive z and negative z traveling
waves as defined by (36¢c). The other sums over wpq that contain either all
positive z traveling waves or all negative z traveling waves but not both

as defined by (36a,b).

>
Let the vector qu be the difference vector between one of the end

points or center of the jth expansion segment and one of the end points or

center of the ith test segment, The five possible forms for w . are

aB
I
1j iTj
A A,
-+ > > i - 1
w =r -r! +—= 4, - L
S i3 2 "1 2 7]
A A
v --’_-)'___1‘\ __j.A
wibjb r, rj 3 Ei + 3 ﬁj (52)
A A
R - SR O SN
wi Jb 1:i tj+ 5 2,1+ 3 Jlj
A A
-> --b_-r'_._iA __l»\
wibja r1 rj Zi 3 2j
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(23 4 = 121
[Z]'],'l = [2]1_1,1_] !
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)
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1
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IF i = § COMPUTE ONLY (21, ;-

. PERP
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RADIUS VECTOR 3.,
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Fr = R14d, -7
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st o L

CHECK FOR MATRIX SELF-ELEMENT N\ SELF-ELEMENT -
i 52 ) i

DIAGONAL ELEMENT (i#7)

Figure 15. Flow Diagram for ZMATG
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OFFD

END DIAGONAL ELEMENT‘
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SPACE (GROUND SCREEN ABSENT)
MOMENT MATRIX [Z]

SR |

END i,j INTERCHANGE LOOP

END 1 LOOP
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Figure 15. Continued
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END

Figure 15. Concluded
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-+ - > > >
where r, - ri + a. (The variables ris 3, etc., are defined in the theory

(Section 2.2).) The ¢ computation is treated as involving both positive z

and negative z traveling waves, and is performed in PSIGEN directly, if

A
-+ - _l a ~
wez| < 2.z} - 0.1 a
Otherwise, the y computation is treated as involving either pos.tive z travel-
ing waves only or negative z traveling waves only and is computed by invoking
PSTIA. The 0.1 aj (tenth of the jth wire segment radius) assures that the

more efficient PSIA computation will be performed whenever practicable.

The PSIGEN y computation is performed according to (49) where

bog (@8 = T (&, - B (53)
J

for £,-z 2 0. In (53),

- —A ~
. expl-jk( o - 7E)-4, ap T3 Fy)eyl "
+ £..¢8 (54)
- gz j g+
exp[-jk(w 2,)-g ] e["k(+ -fifm‘]
Pl-Jk(w . - 22.):g )] - expl-jk(w_, I )eg_ ;
B = aB 3 A afB 2 73 (55) i

I+

RN

-> - - ~
Since Veg ~ le has no z component, the leading exponential terms in the numera-

tors of (54) and (55) are equal.

1f %
i
1
k(3 Aj/Z) (lj-g+)/2|<< 1 (56) i
3
as may happen if ij-g+ + 0, A, is approximated by |
i |
- - ~ ~ - 1

expl-jk(w , - (L 3 &,/2)2,/2)-g,] k(R *4,/2)
A, = af i1+ 1 (57) i
* 8, i
]
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Similarly, if

@ % a2 (Lg)/2) << 1 (58)

B, is approximated by

oo expl-jk(w . ~ (L * Aj/Z)ILj/Z)-g_] jk(2 3 Aj/2)
g

+

Z

Equation (57) (or (59)) can be derived by recasting A, of (54) (or B, or (55))

into the form

sinX

X

Under the condition (56) (or (58)), X - O and Y T~ A, of (57) (or B, of (59)).

The pq looping between elliptical contours (circular contours in recip-

rocal lattice space) is described in the description for subroutine PSIA.

A flow diagram for PSIGEN is given in Fiqure 16.

3.3.3 PSIA

ety @

; Subroutine PSIA computes U(a,8) of (49) with the wpq(a,ﬁ) given by

(36a,b) . The plane waves of (36a) are all positive z traveling waves, those 5

of (3bb) are all negative z travelling waves. The case where the wpq(a.ﬁ) are de~

fined by (36c) (combination of positive z and negative z traveling plane

waves) is handled in PSIGEN.

In PSIA, the wpq(u,e) are computed from

) 1 >

o (g 8) = e o (exp[-jk(w -

PQ _]kAjcz(Qj-gi) af
(59)

A
O,

- expl-jk(u  + = .'v'j>.g+;>

+ F4 =
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Figure 16. Flow Diagram for PSIGEN
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Figure 16. Concluded
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for ;aB'i 2 0 where ;GB is determined from one of the five forms of (52).

1f lk(ij-§+) Aj/Z[ << 1, however wpq(a,B) is computed according to the approx-
imation

1 > A
¢pq(a,8) - g; exp[-jkw~gt]

(60)
The doubly infinite pq summations in (49) are, of course, approximated

by finite summations. The area in pq space containing the points over which

the summation is performed is chosen to be elliptical. The reason for chosing

ellipses is that a characteristic factor of the wpq functions has the form
. +> A
exp[-jkR-g,]
g

F =
A

>
for Rz Z 0 where R is a spatial vector with z component Rz. For p and/or q

sufficiently large, g, is approximated by

. oxx+oyy je

where

x x dd
x Xy
A
p-s +q—
d
y y y
Then
exp(-k|R_[p]
F| = ——F—

p

Contours of constant |F| are, therefore, circles of radii ¢ in ¢ _, oy space
and ellipses in p,q space. (The space defined by the coordinates . and ¢

is typically called "inverse lattice space™.)
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The summations in (49) are performed by adding contributions in p,q
space corresponding to the area between circular contours in Pyr py space.
A maximum radius pmax is chosen by the user, and, to monitor convergence, a
"minimum" radius P min and incremented radius Ap also are chosen. The sum-
mation over the y is performed by first including all values corresponding
to points within the Pmin circular contour. The contribution from points
within the Pnin and Pmin + Ap circles then are added to the summation and so
on until the contribution corresponding to all points within the P rax circle
is determined. The value of ¥ at each step in the process can be recorded
as a means for observing convergence. For each step in the process, the
elliptical contours in pq space that correspond to the circular contours in

nan

Py> P, space are determined. Thus the computer code has a "p" loop which

= J + cee, D !
takes on the values p Omin’ “min + Ao, " min 200, s Plax and, for each
p, p and q loops where the bounds on p and q are the ellipses corresponding

to circles in Py oy space of previous o value and present o value radii.

Large values of Prax 3Te required for small values of klel. When

[R_| 2 a,
z J
_ . .th . _
where aj radius of j segment, the user supplied value of Prnax (pmax = pu)
is used. Othervise, P nax is computed in PSIA according to
“max Quaj/,Rzl (61)

The parameters Pmin and Ap also are adjusted if necessary, and Pmax is set
to a minimum value (usually = 5) if Pnax® 35 computed by (61), should be less

than 5.

The § computation in PSIGEN always uses Prax = Pu since the character-

istic factor is
P L

gZ

and the series in (49) is absolutely divergent. The terms in the series

oscillate, however, and the series appears to converge conditionally.
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A flow diagram of PSIA is given in Figure 17.

3.3.4 OFFD
.t
The 1} h off-diagonal element of the ground screen absent moment ma-
trix [Z] or the ijth element of the ground screen '"image' matrix [Zimage] is

computed in OFFD. The equation that is implemented is discussed in the ZMATG
description. A flow diagram of OFFD is given in Figure 18,

3.3.5 GNDS

image]

Subroutine GNDS computes the matrix [Z . The ijth element of

[Zimage] is the interaction between the jth segment ground screen image and
the 1th segment. Toeplitz symmetry, even applied to a straight wire, is not

generally exhibited in [Zlmage].

Thus all ij elements are computed indivi-
dually. The generally wide separation between wire segments and images,
however, results in rapid convergence of (49) and fast computation times. A

flow diagram is given in Figure 19.
3.3.6 VIDCJ

This subroutine computes the generalized voltage excitation column
vector Gia (or G:b) of the ith element of an array due to the jth neighbor-
ing radiating element current distribution in the region of influence. Each
segment of the jth element current distribution is approximated as a Hertzian
dipole. The voltage is accumulated in vza (or G:b) as VIDCJ is called for

each radiating element in the region of influence.

A flow diagram of VIDCJ is given in Figure 20.

3.3.7 AQF1

This subroutine computes region of influence boundaries for the 1t
radiating element in a higher approximation computation. All radiating ele-
ments within the region of influence will be included in the higher approxi-
mation computation of Va2 (or be) corresponding to the ith element. Lens
face elements are tested for location within the region of influence by loop-
ing over all cells and considering each cell array descriptién individually.

All array descriptions are considered ''regular™ for this computation,
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DEFINE CONSTANTS PRIOR TO pq LOOPS FOR
COMPUTING Ynq VIA EQ. (59) AND (60).
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Figure 17. Flow Diagram for PSIA : ‘ }
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Figure 18. Flow Diagram for OFFD
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Figure 19. Flow Diagram for GNDS
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Figure 20. Flow Diagram for VIDCJ
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i.e., the array boundaries are parallel to the cell lattice coordinates.
Judicious choice of IARY (L,2) by the user when defining cells by array de-
scriptions (as done for FAM) is called for, Note that for irregular arrays
IARY (L,3) ¥ IARY (L 5), the user may choose - ‘IARY (L,2) equal to neither
TARY (L,3) or IARY (L 5) Since only IAKY (L,2) is used by AOFI in deter-
mining the region of influence, several elements in an irregular array would
not be tested for location wi;hin the region of 1nf1uence (an irregular ar-
ray is "regularized").. The user must be aware of this.

N

A flow diagram qf AQFI-is given 1n Figure 21.

3.3.8 CELPAT

This subroutine'compntes-the-radiation pattern of a cell described in
terms of several arrays. 'The coding follows the theory of [5, Section 3.4]
where 'regular” and "irregular"” shaped arrays are discussed. The 6§ and ¢
(global system) compbnents of E—field that results are normalized by
exp [-jkR]/(47R). ' :

A flow diagram of CELPAT is given in Figure 22.

3.3.9 MUTUAL

The array b to érray a ground screen penetration mutegi impedance zab
is computed in subroutine MUTUAL. The induced short circuit current distri-
bution on the array a reference element also is computed. The coding follows
closely the theory in the leiter'part of Section 2.2, The good conducting
screen approximation, gE = -z, is employed. A flow diagram is given in
Figure 23.

3.3.10 ZIMPS

Subroutine ZIMPS computes the'moment_matrix for an isolated thin
wire radiating element over.a perfect ground screen. This matrix is needed
in the higher approximation'method (HAM). An option for removing the ground
screen from the computation exists by setting IGSC = 0. The user must not

exercise this option, however, in a HAM computation.

The thin wire moment method code, upon which ZIMPS is based, is the
code WRSMOM available from NAPS [7]). Since WRSMOM assumes geometry data in
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TRANSFORM Xis Yy INTO CELL CONTAINING 2 ARRAY DESCRIP-
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Figure 21. Flow Diagram for AOFI
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Figure 22, Flow Diagram for CELPAT
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Figure 22. Continued
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Figure 22. Concluded
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Figure 23. Flow Diagram For MUTUAL
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Figure 23. Concluded




wavelengths, this data is converted to wavelengths in ZIMPS. The matrix ele-
ments then are computed by calls to subroutines ZIMP2 or ZIMP3., A flow dia-
gram is given in Figure 24.

3.3.11 LENSIN, CELLIN, ARAYIN, GEOMET, TPIN

These subroutines control the input data defining the lens structural
and electrical characteristics, lens illumination, software control param-
eters, and radiation pattern plot format. A user interactive manner is es-~

tablished whereby the program queries the user for each data input.

Subroutine LENSIN requests:

® existence of a radiation pattern file. If "yes", the logical
variable FILFG is set equal to TRUE, and pattern data computed
is superimposed on the existing pattern data.

® direction cosine limits of pattern calculation. If "12", the
y axis direction cosine will vary most rapidly. If "21", the
X axis direction cosine will vary most rapidly. Input of the
x axis direction cosine minimum, maximum, and increment are
followed by those for the y axis direction cosine.

boom length.

ground screen transmission coefficients for E-field perpendicu-
lar and parallel to plane of incidence.

Subroutine CELLIN, for each cell, calls ARAYIN and GEOMET and also
requests:

® cell ID number, number of plane'waves in illumination, and num-
ber of feedback modes to be considered in analysis.

® reciprocal lattice space (px, Dy space) minimum, maximum, and

in’ Pmax’ Ap) used in the Y(a,B) summations.

incremental radii (om
cell coordinate system origin.
cell coordinage system rotation relative to global system.

Y
y  y

cell area via array description (call to ARAYIN).

lattice parameters dx' d

® characteristics of modules and feedlines to form limited scat-
tering parameter or impedance parameter models.

@ array a and array b radiating element data (call to GEOMET).
Subroutine ARAYIN requests:

® number of array descriptions.

® each array description in terms of number of columns (elements
along line parallel to lattice e coordinate), number of rows
(elements along line parallel to y coordinate), number of ele-
ments in first column (set=0 if array is regular (5, Section 3.4))
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Flow Diagram for ZIMPS
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number of elements in last column, and sum-subtract code = 1
or -1 (not used in present versions of FAM or HAM).

® cell coordinates of array reference element (must be the "lower
left hand corner" [5, Figure 3-16]).

@ array lattice parameters (may differ from cell lattice param-
eters dx, dy, Ay when describing elements for which a higher

approximation analysis is sought (HAM)).

Subroutine GEOMET requests:
@ frequency.

® folded dipole model control parameter ("yes™ or "no™). 1f
"yes'", then folded dipole length and characteristic impedance
of transmission line mode are entered.

® radiator geometry as a collection of straight wires (fuliow
closely [7]). Thke user provides the number of wires and. “ur
each wire, beginning and end point coordinat:s. radius, coo-
nection code, number of feed points (0 or 1 f .r piesent ves~
sion of FAM - one feed poiiit per radiator), and locatiom of
feed points. The user must take care thar the numbers of
segments per wire and wire lengths yield nearly uniform seg-
ment lengths throughout any nondisjcint collection of wires.
Segment length variations greatoer than 1.5:1 are discouraged.
Also, the algorithm the program uses to segment a wire depends
somewhat on counection code. It 1. is the wire length, N_ the
number of segments, and A ithe segment length then: s

1/
_,(Ns + 1)

no connection: £
one connection: L = L/'(NS + 0.5)
two connections: A= L/NS
The connection code for a wire that touches the ground screen
must indicate a connection at that end of the wire.
Subroutine TPIN request, for T-plane radiation pattern plot:
® x axis direction cosine limits.
® vy axis direction cosine limits.

® minimum level of field value to be assigned a distinguishing
plot notation ("FLOOR") and {ield level increment between
distinguishing notations.

Subroutine CELLIN computes module progressive phase settings to ac-
commodate beam scanning and focusing. Subroutine GEOMET computes
wavelength, wave number, reference element segment position vectors
(to the segment centers), and segment unit vectonrs.
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3.3.12 FEED
Subroutine FEED computes the plane wave illumination of a cell

according to

o-ikr n B % . .
( ) (Pxx + Pyy + Pzz)

T =
r 4

where

xg, yg are the global coordinates of the cell coordinate origin
(date input)
= free space wave impedance

P = effective radiated power (data input)

L = boom length (data input)

2

[a ]
]

/ 2 2
+ + L
*g T g

P Py = x and y polarization components (data input)

Pz = z polarization component computed according to

Ps +Ps
X X

z Sz

to assure polarization orthogonal to propagation direction. Here, LI sy.

s, are the propagation direction cosines computed according to s, " xs/r.

sy = yg/r, s, = L/r.

3.3.13  SCAN

Subroutine SCAN computes the scan (active) impedance of an array
over a perfect ground screen. Here, the array moment matrix [ng] is invert-

ed via LINEQ, the element y = [ng]_l

1 corresponding to the feed port seg-

s’is

ment is is extracted, and the active impedance is g’ven by gz = y-l.
3.3.14 SCIA, EX

Subroutine SCIA computes, for a cell, the array a reference element

short circuit current distribution. All array a ports are short circuited
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and the ground screen is present. The excitation is the plane wave illumi-
nation as defined in FEED.

Subroutine EX is called by SCIA tc compute the voltage excitation,
column vector Vo »8% according to (40). The reference element short circuit
current distribution is then computed by solving (41) with V removed. The
matrix [ng] has been inverted in SCAN via LINEQ. The reference element

short circuit port current Ii is extracted.
s

3.3.15  PERP

Subroutine PERP computes the ith segment radius vector a according

i
to the discussion following (38). It the segment is oriented normal to the

array plane (ii = +z) the double cross product relation for gi is not defined.

- . > ~
The 3 then is chosen to be ay a x.

3.3.16  ZCOL

Subroutine ZCOL extracts a specified columm from a square matrix.

3.3.17 LINEQ

Subroutine LINEQ inverts a complex matrix.

3.3.18  CEXP, TAN

These function subprograms compute e* where x is complex (CEXP) and
tan (0) where 0 is in radians (TAN). 1If the real part of x X -70, eX is set

to zero. 1If cos (f) = 0, tan (8).is set to 1032.

3.3.19 ZIMP2, ZIMP), HAMPSI

Subroutines ZIMP2 and ZIMP3 and function HAMPSI are minor modifica-

tions of coding in the isolated element moment method program WRSMOM {7].
3.3.20  XYGCS

Subroutine XYGCS transforms x, y cell coordinates to lens system

(global) coordinates.
3.3.21 TPLANE

Subroutine TPLANE plots the radiation pattern versus x and y direc-

tional cosines. Printer characters are used to denote field levels. This

routine was written by R. Hancock [8].
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SECTION 4

RESULTS

The pulse expansion-point matching-finite difference operator moment
method derived in Section 2.2 was applied to the infinite rectangular lattice
array of straight halfwave dipoles previously analyzed by Chang [9]. The
lat:ice parameters were dx = 0.25X, dy = 1,2x, and Ay = 0 (rec;angular lat-
tice). The E-plane and H-plane scan active admittances are shown in Fig-
ure 25. The excellent agreement compares well withAthe previous comparison
between Chang's results and the pulse expansion-pulse matching moment method
originally employed in the lens simulator [5, Figure 5-3). The finite dif-
ference operator method is considerably more efficient also: only 13 seg-
ments subdivided a dipole for the finite difference results whereas 21 were
required for the pulse matching results. A Pnax of 100 (Section 3.3.3) were

used in obtaining the Figure 25 results.

Active impedances and current distributions of infinite arrays of
straight and '"swept back' dipoles on equilateral triangular lattices also
were computed using the lens simulator finite difference moment method dis-
cussed in this report. Figure 26 shows a straight halfwave dipole array ra-
diating element (y polarized) a quarter wavelength in front of a perfect
ground screen. All dipoles were assumed to be fed through perfect baluns.
The radiating nature of the feedlines, then, was that of parasitic scatterers
not physically connected to the dipole feed ports. The two tvpes of feedline
scatterers modeled are shown in Figure 26. One was a 0.2} straight feedline
and the other a 0.275) bent feedline. Both feedlines lay parallel to the
yz plane (coordinate system of Figure 2 applies). All array elements were

located on the equilateral triangular lattice defined by Figure 4 with
d = 0.715X
x
d = 0.826Xx
y
Ay = 0.413)

The H-plane scan active impedance for the array without feedline scatterers
is plotted in Figure 27. The effect of the H-plane grating lobe singularity
occurring at 23.49° is evident. The ground screen removes the infinity that

would otherwise occur at an H-plane grating lobe singularity for straight
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dipoles. A similar plot for straight-dipole array with straight feedline
scatterers differed very little from Figure 27. The absence of a stronger
singularity effect at 23.49° scan likely is a consequence of H-plane scanned
E—field radiated by the dipoles along the array plane being cross polarized
with respect to the feedlines.

The E-plane scanned active impedances for the straight~dipole array
for the three cases: feedlines absent, straight feedlines, and bent feedlines,
are shown in Figure 28. The feedline absent and bent feedline cases appear
strongly effected by the E-plane grating lobe singularity occurring at 29.22°.
The straight feedline case exhibits rapid impedance variation in the vicinity
of 22° scan. The reference element current distributions plotted in Fig-
ures 29, 30, and 31 also bear out this behavior. The reactive current on the
straight feedline swings widely from capacitive to inductive in scanning
from 20° to 25° (Figure 30). The bent feedline current does not demonstrate

- this behavior.

E-plane scan results for the Figure 32 dipole array without feedlines
and with straight feedlines are shown in Figures 33 and 34. Without feedlines,
the swept back dipole array active impedance varies less with F-plane scan
than does that of the straight-dipole array. The effect of straight feed-

A . lines on the E-plane active impedance is at leasé as pronounced for the

swept back-dipole array as it is for the straight-dipole array.

Ao v of 50 (Section 3.3.3) was used in obtaining the equilateral
lattice results. Sampled computations with Pax - 100 were within 10 per-

cent of the Prax 50 results. Also 9 segments subdivided the dipoles and

5 segments the feedlines.
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